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ABSTRACT

In laser flow cytoplhotometry, an increasingly popular technique of
analyticaL cytology, quantitative 1 asr-ements of interest include cell and
nuclear diameters. Electronic circu ‘or a new rethod of time-of-ilight
cell sizing has been developed whicl surcs the time that signal pulses
from either fluorescence or light scat..r sensors excecd a preset constant
fraction of the peak signal amplitude zalse width) or the time that it
takes a signal to risc between constant Iractlons of the peak signal ampli-
tude on the rising side of the pulse (pulse rise-time). These pulse width
or pulse risc-time measuremcnts were reliated to cell or nuclear diameters
and were used in combination to determize nuclear size to cell sgsize ratios.
This new type of time-of-flight sizing was found to be independent of fluor-
escent or light-absorbing stain intensi:ty, lincarly related to cell or
nuclear diameter, and capable of resolviang diameter diffcrences of less

than 0.5 um.



INTROLUCTION

Previous attempts to determine cell or nuclear size with flow cytom-
eters have measured one or more of the following parameters: intensity of
light scattered at small angles (8), absorption of Incident light (2), or
time-of-flight (TOF) sizing using a laser beam width larger than the diam-
eter of the cell being measured (9). The intensity of the light scattered
in the near forward direction is predominately due to diffraction and is
roughly proportional to the cross sectional arca of the cell. The angular
width of this first ring of the diffractlon pattern, however, decreases
with increasing cell size (3). The use of laser beam dumps or obscuration
bars in commercial flow cytophotometers modlfies the proportion of this
scattered light that reaches the detectors thereby leading to a nonsystematic
relationship between scattered light intensity and cell cross saectional area
(3). At angles greater than those subtended by the main diffraction ring
of the cell, typically 2° - 5° for mammalian cells, the scattered light
intensity is strongly dependent on cell refractive index. Two cells of the
same size but of different refractive index will have different light scatter
inteneities, so that light scatter intensity is not a reliable measure of
cell size.

To date, time-of-flight sizing techniques in flow cytophotometers
have employed a fixed voltage threshold triggering technlque that measures
the length of time a cell's light scatter or fluorescence signal 1s above
a flxed, predetermined voltage threshold (9, 12). Sharpless (6,7) has shown
that measurements of cell size based on the time a slgnal lg greater than a
Elxed vgltage threshold has a strong, nonlincar dependence on the amplitude
of the signal as well as its duratfon. Since a low amplitude (e.g. from a

dimly Fluorescent cell), signal Is above a fixed threshold for a shorter time
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“than a higher amplitude signal, cells u! the samu slze will produce different
pulse widths. This situation }s clearly unsatlsfactory for bioleglcal
experiments in which the st: ning intensity responsible for elther the
light scatter or fluorescent signal mav vary considerably among cells of
the same size.

The objectiva of this work Is to accurately size cells and nuclel
independently of the intenslty of fiucrvscent or light-absorbing stains
used to measure other cellular propurties. In order to accomplish this
objective a new wmethod of time-of-fligit sizing which allows highresolution,
amplitude independent sizing of cells or nuclei with laser beam widths
larger than the cell diameter was developed. This permits simultancous
light scattering analysis of cell structure and high resolution sizing of
small biological objects. This was accomplished by ceveloping pulse analysis

circuitry to measure pulse widths at fixed fractiors of pulee height, as

suggested by Sharplese (7), and pulse rise times.



MATERLALS A NLTHOOS

Lascr flow Cytometry

Commercial flow cytometers uscd with this time-of-flight system were
the Ortho Instrume s (Westwood, Mass.) Cytograf (Model 6300) and Cytofluoro-

graf (Model 4802A) and the Becton-Dickinson (Mountain View, Calif.) FACS II.

Amplitude Indcpendent Cell Sizing

Electronic circuitry was designed and constructed for the pulse height
independent measurement of pulse width or pulse rise tlme. In measuring the
transit time of a cell through a laser team (time-of-flight sizing) {(Fig. 1),
the peak of the incoming voltage pulse from the detectors 1s sensed and held
for 70 usec. During this time voltage dividers take percentages of rhe peak
amplitude according to presct threshold levels and mode of operation (pulse
width or pulse rise-time) desired. A high fldelity delay line of 8 pysec
(Allen Avionics Electronics, Inc., Mineola, NY) is used to produce a delayed
replica of the incoming sigrial which 1s subsequuntly presented to voltage
comparators which produce start and stop signals for a time-to-time amplitude
convertor (TAC), which linearly charges a capacitor during the time between
the start and stop signals. The range of the time-to-amplitude conversion
can be adjusted by varying the capacitor charging rate. The threshold and
capacitor charging rates are factors which must be adjusted to insure that
the output signals are within the voltage level ard responsec time lImitations
of Lhe electronics used for signal analysis (multichannel analyscr or computer).
A dlagram showing in more detail how the tlme-of-flight mcasurements are

generated is given in Flgure 2,

Simultapeous intensity and Time-of-Flight Mcasurements
In certain experiments it was necuessary to exumlnec twoe pulse parancters
simultancously for each cell to provide corrclated signal measurements. To

accomplish this the output signal from the TOF circult was dligitized and
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transmitted to an IMSAL 8080 microprovessor and correlated with the corres-

ponding amplitude TOF signal from eithur the scatter or fluorescence sensors
of the flow cytophotometer. A 3-dimensional display of the cells having

two correlated parameters (e.g. fluorescence TOF and light scatter TOF) can
ba recorded on the teletype by using a 64 x 64 character printout in two
dimensions and by presenting the third dimension as the number of cells
having a particular pair of values in terms of character symbols irom O
through 9, and A through Z and finally special teletype characters in
rultiples of N cells. For example, if the multiple s 32 then a
printéd "2" means 64 cells, and a printed '"3" means ls. This display
therefore constitutes a digital (3-dimensional) contour map of the two-

parameter distribution.

Cells and Viruses for Absorption and Fluorescent Staining

HEp-2, a cell line derived from a humaa laryngeal carcinoma, was obtained
from the American Type Culture Collection and was grown in 16 oz. prescription
bottles in Dulbecco's modified minimum essential medium (1), supplemented with
10% heat-inactivated donor calf serum (Grand Island Biological Co., Grand
Island, NY), 0.085% NaHC03, 100 units/ml penicillin, 50 pg/ml streptomycin.
Cells were infected with herpes simplex virus type 2, strain 316-D, provided
by Dr. John Docherty, The Pennsvlvania State University. Virus was allowed
to adsorb to the cells for one hour. Unadsorbed virus was then decar.ted and
the cells were given fresh medium and incubated for 18 hours before being
fixed in 57 neutral buffered formalin (4). Human embryonic lung cells (HEL)
were grown and. infected in a similar manner. Viral antigens in the cytoplasm
were stained with diaminobenzidine by the Sternberger P-A-P (peroxidase-anti-
peroxidase) method (10). Nucle!l were stained with acriflavin, a fluorescent
stain which is specific for A-T nucleotide pairs (8). A procedure combining
these two methods was used to obtain doubly stalned cells (3). Acriflavine-

stained ncar-diploid cultured Chinesc hamster cells, line M3-1F3, were also
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‘employed. Slzing calibrations were performed using uniformly-sized micro-
spheres (Duke Scientlfic Co., Palo Altu, California and Coulter Electronics,

illaleah, Flerida).



RESULTS )

In order to test the amplitude indzpendence of the time-of-flight
measurements cultured Chinese hamster cells were staired by differing
acriflavin-feulgen staining protocols to yicld cells with ﬁuclei of similar
slzes but of different fluorescent Intcnsities. Figure 3 shows that the
time-of-flight size of the nuclei of cclls in the Cz phase of the life cycle
is independent of fluorescent signal amplitude over the range of fluorescent
intensities provided by this type of experiment:.

Time-of-flight measurement increases linearly with particle diameter.
The data of Fig. 4 indicate achievable resolution of 1.0 ym per channel using
pulse width measurements, and the data of Fig. 5 indicate achievable resolution
of 0.2 ym per channel using pulse rise time measurements on calibrated micro-
spheres 5 - 20 ym in diameter.

Nuclear diameter distributions can be measured by pulse rise TOF, and
they reflect the life cycle distributions of exponentially growing human
cells (Fig. 6a) and the distorted nuclear size distributions of virus-infected
cells (Fig. 6b).

Nuclear diameter to cell diameter ratio, a parameter, commonly used in
analytical cytology, can be measured with paired TOF circuits and a micio-
processor or two parameter analyser. Figure 7 diagrams the method of this
measurement on cells with stalned and unstained cytoplasm. To demonstrate
this principle the nucleil of fixed virus-infected and uninfected HEp-2 cells
werc stained with acrlflavine, and their cytoplasms were stalned for virus
antigens. The correlated 2-parameter distributions are shown as te’otype
output in Fig. 8. The distributinns in the left panel were obtained with
HSV-infected cells and show two populations, A and B, with N/C ratios dis-
torted relative to those of normal cell populations, D and E, in the right

pancl. The control cell preparation also contained bare nuclei, which had

LY
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‘the expected N/C ratio of nearly 1.0. The absolute values of the HIC.
ratios were calculated using calibration curves simllar to those shown

in Figs. 4 and 5.
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DISCUSS iGN

We have described the construction and testing of a pulse height
independent TOF cell sizing device for laser flow cytophotometers This
device implements the notion introduccd by Sharpless (7) that pulse width
measured at a fixed fracticn of pulse height (rather than at a fixed voltage
level® would be #msensitive to the absciute intensity of light scattering
or fluorescence of the cell. We have tlided the notlon of pulse rise TOF
which increases the resolution (Fig. 5, by emphasizing that portion of the
pulse in whicl: the cell predominates in changing the signal. Linearity
and pulse height independence have been demonstrated.

The circuit 1s designed to stand independently, so it can be used as
an outboard addition to any laser flow cytophotometer. It has, to date, been
tested on the Ortho Instruments Cytofluorograph and the Becton-Dickinson
FACS-1I. It works equally well with broad and narrow laser beams and is
therefore particularly suitable for use in quaatitative cell light scattering
experiments, which require the entire cell to be illuminated instantaneously.
The pulse rise TOF feature 1s especially useful in such cases.

In biological experiments the systuvm has been shown to demonstrate
nuclear size changes through the human cell 1life cycle and consequent to
virus infection. Absolute and relative N/ ratios have been measured.
Continued application of this cell and nuclear sizing method in virology,

immunology, oncology, cytopathology; and cell bioclogy is anticipated.
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FIGURE CAPTLIONS

Figure 1. Time-of-flight cell sizing method. Cell diameter as measured

by time-of-flight sizing depends on the choice of thresholds which
determine what fraction f of the actual cell diameter d is measured
and on the laser beam width W. In [ixed threshold time-of-flight
systems f 1s an unknown and varying fraction of the cell diameter.
In this constant frac:lon time-of-flight sizing method f is a
known constant fraction of .he cell diameter. Since resolution

of pulse width time-of-flight mecasurements decreases with large
laser beam widths W, pulsc rise-time measurcment can be used to
make the effective beam width ¥ smaller thereby increasing the

sizing resolution capability of the system.

Figure 2, Circuit for the mecasurement of the width of a voltage pulse
between two fractiors of its peak amplitude (simplified diagram).
The input signal is split into two identical pulses 50 that a
copy of the original pulse can be compared at a later time with
constant fractions of itselE. The peak scnse and hold circuit
"Cc" registers the peak pulse amplitud. and holds this value for
the duration of the measurenent process. This peak value is re-
duced by poticntiometers to desired threshold levels which can
serve as reference inputs to the voltage comparators "F" and "G."
Several mlcroseconds after the peak sensce and hold circult records
the peak amplitude, the input pulse passes through the delay line
and s restored to Ilts original amplitude by the amplifier. It
becomes the second input "E" to the voltage comparators. The
state of the voltage comparator "G" changes to the "on" state

when the delayed repsica of the origlnal pulse has a voltage



Figure 3.

Figure 4.

Figure 5.

l6 -

between the chosen thresholds, and the state of the comparator
returns to its original "off" value when the voltage pulse Am—
plitude is outside of the chosen thresholds. Thus a voltage
pulse is produced which has a width (time interval) equal to

the width of the original pulsc betwcen the desired thresholds.,
A capacitor 1s then charged during this time interval ts produce
a voltage amplitude proportional to time (time to amplitude

conversion, TAC).

Nuclear diameter (fluorescence time of flight) vs. pulse amplitude
plot for Chinese hamster G2 cells counted with the cytofluorograf
while maintaining the input pulses to the TOF circuit above 3.5

volts and varying the signal intensity by varying laser power and

acriflavine stalning procedure.

Calibration of light scatter pulsec width time-of-flight sizing

of microspheres. Pulse widths were measured from 5 percent peak
amplitude threshold on the rilsing side of the signal to 5 percent
of the peak amplitude threshold on the tralling side of the signal.
These measurcments give low resolution hut wide dynamlc range and
were made on the Ortho Instruments Cytofluorograf (Model 4802\).

Similar resolution has been achleved on the Becton-Dickinson FACS II.

Calibration of high resolution light scatter pulse rise time-of-
flight sizing of microsphervs between 10 and 35 percent of the peak
amplitude thresholds on the rising side of the signal. These
measurements were made on the Becton-Dickinson FACS IL. Similar
resolutlon has been achieved on the Ortho Instruments Cytofluorograf

(Model 4802A).
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Figure 6. DN\ content distributions ("PiA", solid lines) of acriflavine
stained cultured human embryonic lung (HEL) fibroblasts and
nuclear diameter distributions ("TOF", dashed lines) determined
on the same cell suspensions. 6 a (upper panél): The nuclear
diameter distribution reflects the distribution of cells through
the life cycle. 6b (lower panel): The nuclecar diameter distri-
bution reflects distortions in nuclear size caused by 18 hr of

infection with herpes simplex virus type 2 (HSV—z).

Figure 7. Diagrammatic representation of a method for measuring N/C ratios
of cells with cytoplasm stainad either immunoenzymatically or
by another histochemical stalning method wicth a light-absorbing
stain and nucleus stained with a DNA-specific fluorescent stain.
Distinction betwecen cells of the same size and N/C ratio depends
on simultaneous pulse-height independent scatter and fluorescence
TOF measurements (which are unaffected by the presence of the
light absorbing stain or by variations 1in fluorescent stain intensity)
and large-angle light scatter Intensity which 1s decreased in

cells stained with the light absorbing stain.

Figure 8. Simultaneous fluorescent and scatter time-of-flight measurements
of nuclear size and cell size to obtain N/C ratios according to
the scheme dliagrammatically presented in figure 7. The life cycle
of cultured human carclnoma (HEp-2) cells infected with herpes
simplex virus type 2 (HSV-2) is perturbed as shown by the difference in
N/C ratios as compﬁrud to the uninfected control cells, In this

' two-paramcter distribution nuclear diamcter is plotted horizontally
and cell diameter vertically, increaslng downward. LEaeh 2-parameter

microprocessor channel contalns a number which, whon multiplied



18

by 32 gives the number of cells in that channel. Regions of
channels with 224 or more cells/channel are outlined to show
peaks. There are 2 such regions, A and B in the infected cell
distribution and 3 regions, C, D, and E, In the uninfected cell
distribution. A simple ratio of nuclear and cell TOF signals
will not yield a true N/C ratio. Therefore, the peak channels

in each distribution must be converted to diameters by the use

of calibration plots such as those in Figs. 4 and 5. Note.that
the HSV-2 infected cells are larger and that population C consists
of bare nuclei, as indicated by N/C of nearly 1.0. This experiment
used Ehe pulse rise TOF method with thresholds set at 5% and

35% of maximum peak height.
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FIGURE 7

NUCLEAR SIZE /CELL SIZE AS MEASURED BY
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